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AERODYNAMIC PERFORMANCE OF A 1.20-PRESSURE-RATIO
FAN STAGE DESIGNED FOR LOW NOISE
by George W. Lewis, Jr., and Royce D. Moore
Lewis Research Center
SUMMARY
A 51-centimeter-diameter axial-flow fan stage with a design tip speed of 228. 6 me-
ters per second was tested. Detailed radial surveys of the flow conditions at the rotor
blade inlet and outlet and the stator blade outlet were made. The flow and performance
parameters were calculated at stations corresponding to the rotor and stator leading and
trailing edges across nine selected blade elements. The radial surveys were made over
the stable operating flow range at rotative speeds from 80 to 120 percent of design speed.
Rotor peak efficiency at design speed was 0. 935 and was obtained at a weight flow of
29. 8 kilograms per second; the pressure ratio was 1.206. Peak stage efficiency was
0. 824 at the same flow rate and a pressure ratio of 1.186. The radial distribution of ro-
tor performance parameters at peak efficiency and design speed indicated excellent
agreement with design values. .
INTRODUCTION
A research program on axial-flow fans and compressors for advanced airbreathing
engines is currently being conducted at the NASA Lewis Research Center. This program
is primarily directed toward providing the technology required to permit reductions in
the size and weight of fans and compressors while maintaining high levels of perform-
ance. In support of this program experimental studies are being conducted on fan stages
suitable for use in engines for quiet powered-lift aircraft using the externally blown flap
(refs. 1 to 3). The externally blown flap aircraft will require a large flow of relatively
low velocity air for effective lift augmentation and low noise during takeoff and landing
(ref. 4).
To meet the low noise requirements, the fans will be required to have low tip speed
and low pressure ratio. In addition, the fan blading can be designed to reduce noise.
For fans, in general, the rotor blade passing frequency noise appears to be the dominant
noise source; the noise is caused by the interaction of the rotor blade wakes with the
downstream stator blades. Thus spacing the stator further downstream tends to reduce
the noise levels. Setting the stator incidence angles to minimize the fluctuating lift ex-
perienced by the stator blades due to the rotor wakes is another method favorable to re-
ducing noise (ref. 5). Increasing the ratio of the number of stator blades to rotor blades
has also been shown to be effective in reducing noise.
The fan stage presented herein was designed using the minimum fluctuating lift con-
cept to set the stator incidence angles. The stators were spaced four rotor tip chords
downstream of the rotor. Acoustic data obtained with a 1. 83-meter-diameter model of
this fan was presented in reference 6.
This report presents the aerodynamic performance of a 51-centimeter-diameter
model of the 1. 20-pressure-ratio fan stage. It has been designated stage 54-54 herein.
Data were obtained over the stable operating range for five rotative speeds from 80 to
120 percent of design speed. Blade-element survey data were obtained at nine radial
positions. The data presented in this report are in tabular and in machine plotted form.
The symbols and equations are defined in appendixes A and B. The definitions and units
used for the tabular data are defined in appendix C.
AERODYNAMIC DESIGN
The aerodynamic design for this fan stage is presented in reference 6. It incorpor-
ates features to reduce the noise caused by rotor-stator interactions. Basically, the
stator blades were spaced four rotor tip chords downstream of the rotor, and the stator
incidence angles were chosen to minimize the magnitude of lift fluctuations experienced
by the stator blades due to the passing rotor wakes.
Both the rotor and stator blades were designed using multiple-circular-arc blade
profiles. The overall design parameters for stage 54-54 are listed in table I, and the
flow path is shown in figure 1. The stage was designed for an overall pressure ratio of
1. 201 and an efficiency of 0. 882 at a flow rate of 30. 55 kilograms per second (182. 3
A(kg/sec)/m of annulus area). The design tip speed was 228. 6 meters per second. The
blade-element design parameters for rotor 54 are presented in table II. The rotor was
designed for a distribution of total pressure ratio which varies from 1. 218 at the tip to
1.162 at the hub. The stator blade-element design parameters are given in table El.
The blade geometries of the rotor and stator are presented in tables IV and V. The rotor
tip solidity was 1.188, and the stator tip solidity was 1. 00. This resulted in 42 rotor
blades with an aspect ratio of 3. 90 and 50 stator blades with an aspect ratio of 3.42. The
stator blades had large turning on the forward portion of the blade suction surface as
indicated by the high x-factors (greater than 1.0). The high x-factors resulted from an




The compressor stage was tested in the Lewis single-stage compressor facility,
which is described in detail in reference 7. A schematic diagram of the facility is shown
in figure 2. Atmospheric air enters the test facility at an inlet located on the roof of the
building and flows through the flow-measuring orifice and into the plenum chamber up-
stream of the test stage. The air passes through the experimental compressor stage in-
to the collector and the vacuum exhaust system.
Test Stage
Photographs of the rotor and stator are presented in figures 3 and 4. The rotor
blades were pin mounted in the hub. The nonrotating radial tip clearance of the rotor
was a nominal 0. 05 centimeter at ambient conditions. The stator blades were mounted
in the outer casing and supported by a small retaining ring at the hub.
Instrumentation
The compressor weight flow was determined from measurements on a calibrated
thin-plate orifice. The orifice air temperature was determined from an average of two
Chromel-Constantan thermocouple readings.
Radial surveys of the flow were made upstream of the rotor, between the rotor and
the stator, and downstream of the stator (fig. 1). The survey probes are shown in fig-
ure 5. Total pressure, total temperature, and flow angle were measured with the com-
bination probe (fig. 5(a)), and static pressure was measured with an 8° C-shaped wedge
probe (fig. 5(b)). Each probe was positioned with a null-balancing, stream-directional
sensitive control system that automatically alined the probe to the direction of the flow.
The probes were angularly prelined in an air tunnel. The probe thermocouple material
was Chromel-Constantan. Two combination probes and two wedge static probes were
used at each of the measuring stations.
Inner and outer wall static pressure taps were located at the same axial stations as
the survey probes. The circumferential locations of both types of survey probes, along
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with inner and outer wall static pressure taps, are shown in figure 6. The combination
probes downstream of the stator (station 3) were circumferentially traversed one stator
blade passage ( 7 . 2 ) counterclockwise from the nominal values shown. All pressures
were obtained with calibrated strain-gage transducers.
An electronic speed counter, in conjunction with a magnetic pickup, was used to
measure rotative speed (rpm).
The estimated errors of the data based on inherent accuracies of the instrumentation
and recording system are as follows:
Weight flow, kg/sec ±0. 3
Rotative speed, rpm . ±30
Flow angle, deg ±1
Temperature, K. . ±0.6
o
Rotor-inlet total pressure, N/cm ±0.01
O
Rotor-outlet total pressure, N/cm . . iO. 10
2Stator-outlet total pressure, N/cm ±0.10
2Rotor-inlet static pressure, N/cm ±0.04
o
Rotor-outlet static pressure, N/cm . . ±0.07
o
Stator-outlet static pressure, N/cm ±0.07
An indication of the consistency of the data can be observed by comparing the integrated
weight flow at each measuring station to the orifice weight flow in table VI.
Test Procedure
The stage survey data were taken over a range of weight flows from maximum flow
to the near-stall conditions at speeds from 80 to 120 percent. For each speed radial
surveys were taken at five or more weight flows. Data were recorded at nine radial po-
sitions for each weight flow.
At each radial position the two combination probes behind the stator were circum-
ferentially traversed to nine different locations across the stator gap. The wedge probes
were set at midgap because preliminary studies showed that the static pressure across
the gap was constant. Values of pressure, temperature, and flow angle were recorded
at each circumferential position at station 3. At the last circumferential position, val-
ues of pressure, temperature, and flow angle were also recorded at stations 1 and 2.
All probes were then traversed to the next radial position, and the circumferential trav-
erse procedure was repeated.
Calculation Procedure
Measured total temperatures and total pressures were corrected for Mach number
and streamline slope. These corrections were based on instrument probe calibrations
given in reference 8. The stream static pressure was corrected for Mach number and
streamline slope based on an average calibration for the type of probe used.
Because of the physical construction of the C-shaped static pressure wedges, it was
not possible to obtain static pressure measurements at 5, 10, and 95 percent of span.
The static pressure at 95 percent of span was obtained by assuming a linear variation in
static pressure between the values at the inner wall and the probe measurement at
90 percent of span. A linear variation was also assumed between the static pressure
measurements at the outer wall and the 15-percent span to obtain the static pressure at
5 and 10 percent of span.
At each radial position averaged values of the nine circumferential measurements of
pressure, temperature, and flow angle downstream of the stator (station 3) were ob-
tained. The nine values of total temperature were mass averaged to obtain the stator -
outlet total temperature presented. The nine values of total pressure were energy av-
eraged. The measured values of pressure, temperature, and flow angle were used to
calculate axial and tangential velocities at each circumferential position. The flow an-
gles presented for each radial position were calculated based on these mass-averaged
axial and tangential velocities. To obtain the overall performance, the radial values of
total temperature were mass averaged and the values of total pressure were energy av-
eraged. At each measuring station the integrated weight flow was computed based on the
radial survey data.
The data, measured at the three measuring stations, have been translated to the
blade leading and trailing edges by the method presented in reference 9.
The stall weight flow was not obtained because of a failure of several rotor blades at
the conclusion of the blade-element tests.
Orifice weight flows, total pressures, static pressures, and temperatures were all
corrected to standard-day conditions based on the rotor-inlet conditions.
RESULTS AND DISCUSSION
The results from this investigation are presented in three main sections. The over-
all performance for the rotor and the stage are presented first. Radial distributions of
several performance parameters are then presented for both the rotor and the stator.
Blade-element data are presented for both rotor and stator. The data are computer
plotted, and occasionally a data point is omitted because it falls outside the range of the
parameters shown in the figure.
All the plotted data together with some additional performance parameters for the
fan stage are presented in tabular form. The overall performance data are presented in
table VI. The blade-element data are presented first for the rotor in table VII and then
for the stator in table VTO. The definitions and units used for the tabular data are pre-
sented in appendix C.
Overall Performance
The overall performance for rotor 54 and stage 54-54 are presented in figures 7 and
8. For both of these computer-plotted figures, data are presented for five speeds from
80 to 120 percent of design speed. Design-point values are shown as solid symbols on
both figures.
Rotor. - The data of figure 7 indicate that the rotor met its overall design objective,
The peak efficiency for rotor 54 was 0. 935 at design speed. Peak efficiency was ob-
tained at a flow rate of 29.75 kilograms per second and a pressure ratio of 1.206.
There was no uniform trend of rotor efficiency with increasing tip speed. The incon-
sistency may be primarily due to the limitation in the inherent accuracy of temperature
measurement. For this low pressure ratio fan, a 0. 6 degree change in the temperature
measurement results in an efficiency change of about 0.03.
Stage. - Overall efficiency of the stage was less favorable than that of the rotor.
The stage peak efficiency was only 0. 824. As with the rotor, peak efficiency occurred
at a flow rate of 29.7 kilograms per second. At this flow rate stage pressure ratio was
1.183. Comparison of the stage and rotor temperature ratios at this flow rate indicate
that three points in the difference in efficiency is due to the difference in temperature
measurement.
Radial Distributions
The radial distributions of several parameters are presented for design speed in
figure 9 for rotor 54 and in figure 10 for stator 54. In each figure data are presented
for three weight flows: near choke, near design, and near stall. The design values
are shown by the solid symbols. Temperature-rise efficiency, total temperature ratio,
total pressure ratio, suction-surf ace incidence angle, meriodional velocity ratio, de-
viation angle, total loss parameter, total loss coefficient, and diffusion factor are pre-
sented as functions of percent span from the blade tip.
Rotor. - At a flow rate of 29. 7 kilograms per second the radial distribution of all
parameters closely approximates the design values. However, at the near-stall flow
rate of 22. 2 kilograms per second, losses in the region from midspan to the rotor tip
increase sharply. The total temperature ratio, deviation angle, and diffusion factor are
increased while meridional velocity is decreased in thie region, indicating premature
suction surface flow separation and incipient stall.
Stator. - At the near design flow rate of 29. 7 kilograms per second, the radial dis-
tribution of incidence angle to the stator blades is approximately equal to design (fig. 10).
However, the stator deviation angles are from 4° to 7° greater than design values. Al-
though the diffusion factor is less than or equal to design over the blade span, higher than
design losses are measured in both the tip and hub regions. Part of these total pressure
losses can be attributed to increased wall boundary-layer flow and mixing losses re-
sulting from the greater distance between the rotor exit and the stator inlet. The total
pressure losses may also be due to premature flow separation on the suction surface as
a result of the large turning on the forward portion of the blades (high x-factors).
Variation with Incidence Angle
The variations of selected blade-element parameters with suction surface incidence
angle are presented in figure 11 for rotor 54 and in figure 12 for stator 54. The data are
presented for 80, 100, and 120 percent of design speed for blade-element locations of 5,
10, 30, 50, 70, 90, and 95 percent span from the rotor blade tip. Design values are
shown as solid symbols.
Rotor. - The blade-element data indicates that the rotor experimental results close-
ly approximate the design values at design incidence angle. The minimum losses oc-
curred at design incidence angle except near the hub (90 and 95 percent span) where the
minimum loss occurred at higher incidence angles. The high total pressure losses ob-
served in the tip region at high incidence angles of 80 and 100 percent of design speed
are indicative of incipient stall.
Stator. - The variations of stator velocity ratio, deviation angle, losses, and dif-
fusion factor with stator incidence angle are essentially independent of inlet Mach num-
ber (percent design speed). The deviation angle is greater than design for all span lo-
cations. For 5, 10, 30, and 95 percent spans minimum losses were greater than design
values and minimum-loss incidence angles were less than design.
The overall results indicate that the stator losses caused a decrease in overall ef-
ficiency of over 10 percent. Probable causes of the high stator losses were discussed in
the Radial Distributions section. The data from this stator and that of reference 3 in-
dicate that minimum losses in the tip region occurred at negative incidence angles. The
fact that this stator was designed for positive incidence angle in the tip region may have
also contributed to the high losses.
SUMMARY OF RESULTS
This report presents the aerodynamic design and both the overall and blade-element
performances of a 51-centimeter-diameter fan stage having a design pressure ratio of
1. 20 and tip speed of 228. 6 meters per second. This stage was investigated to evaluate
the effects of low noise design constraints on the aerodynamic performance of fan stages.
Radial surveys of the flow condition at the rotor inlet, between the rotor and stator, and
at the stator outlet were made over the stable operating flow range of the stage at rota-
tive speeds from 80 to 120 percent of design speed. Survey data were obtained at nine
radial positions. The following principal results were obtained:
1. Rotor peak efficiency at design speed was 0. 935 and occurred at a flow of 29. 8
kilograms per second and a pressure ratio of 1. 206.
2. At design speed the stage peak efficiency was 0. 824 and occurred at a flow of
29. 8 kilograms per second and a pressure ratio of 1.186.
3. The radial distribution of rotor performance parameters at peak efficiency and
design speed indicated good agreement with the design values.
4. The data indicated high stator losses in the tip region.
Lewis Research Center,
National Aeronautics and Space Administration, ,




A annulus area at rotor leading edge, m •
2
A, frontal area at rotor leading edge, m
C specific heat at constant pressure, 1004 J/(kg)(K)
D diffusion factor
i mean incidence angle, angle between inlet air direction and line tangent to blade
mean camber line at leading edge, deg
ioo suction-surface incidence angle, angle between inlet air direction and line tar-
SS
get to blade suction at leading edge, deg
N rotative speed, rpm
2
2
P total pressure, N/cm
p static pressure, N/cm
r radius, cm
T total temperature, K
U wheel speed, m/sec
V air velocity, m/sec
W weight flow, kg /sec
Z axial distance referenced from rotor blade hub leading edge, cm
a cone angle, deg
\s
a slope of streamline, degs
]3 air angle, angle between air velocity and axial direction, deg
01Hc relative meridional air angle based on cone angle arctan (tan /3' cos a /
cos ag), deg
y ratio of specific heats
5 . ratio of rotor-inlet total pressure to standard pressure of 10. 13 N/cm2
6° deviation angle, angle between exit air direction and tangent to blade mean cam-
ber line at trailing edge, deg
TJ efficiency
0 ratio of rotor inlet total temperature to standard temperature of 288. 2 K
9
K angle between the blade mean camber line and meridional plane, deg
K angle between blade suction surface camber line at leading edge and meridional
plane, deg
a solidity, ratio of chord to spacing
To total loss coefficient
"uL profile loss coefficient
















Suction-surf ace incidence angle














































































DEFINITIONS AND UNITS USED IN TABLES
absolute
straight line between blade leading and trailing edges along design
streamline, cm
ratio of actual flow area to critical area (where local Mach number
is one)
meridional air angle, deg
angle between axial direction and conical surface representing blade
element, deg
deviation angle (defined by eq. (B3)), deg
diffusion factor (defined by eq. (B4))
adiabatic efficiency (defined by eq. (B9))
inlet (leading edge of blade)
incidence angle (suction surface defined by eq. (Bl) and mean de-
fined by eq. (B2)), deg
angle between blade mean camber line at leading edge and meridi-
onal plane, deg
angle between blade mean camber line at trailing edge and meridi-
onal plane, deg
angle between blade mean camber line at transition point and mer-
idional plane, deg
loss coefficient (total defined by eq. (B5) and profile defined by
eq. (B6))




outlet (trailing edge of blade)
percent of blade span from tip at rotor outlet































relative to the blade
inlet radius (leading edge of blade), cm
outlet radius (trailing edge of blade), cm
radial position
equivalent rotative speed, rpm
angle between aerodynamic chord and meridional plane, deg
ratio of aerodynamic chord to blade spacing
speed, m/sec
suction surface
slope of streamline, deg
tangential
temperature, K
thickness of blade at leading edge, cm
thickness of blade at maximum thickness, cm
thickness of blade at trailing edge, cm
total
difference between inlet and outlet blade mean camber lines,
deg
velocity, m/sec
equivalent weight flow, kg/sec
ratio of suction-surf ace camber ahead of assumed shock loca-
tion of a multiple circular arc blade section to that of a
double circular arc blade section
axial distance to blade leading edge from inlet, cm
axial distance to blade maximum thickness point from inlet, cm
axial distance to blade trailing edge from inlet, cm
axial distance to transition point from inlet, cm
15
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TABLE VI. - OVERALL PERFORMANCE FOR STAGE 54-54
(a) 80 Percent design speed
Parameter
ROTOR TOTAL PRESSURE RATIO
STAGE TOTAL PRESSURE R A T I O
ROTOR TOTAL TEMPERATURE RATIO
STAGE TOTAL TEMPERATURE RATIO
ROTOR TEMP. RISE EFFICIENCY
STAGE TEMP. RISE EFFICIENCY
ROTOR MOMENTUM RISE EFFICIENCY
ROTOR HEAD RISE COEFFICIENT
STAGE HEAD R)SE COEFFICIENT
FLOW COEFFICIENT
WT FLOW PER UNIT FRONTAL AREA
WT FLOW PER UNIT ANNULUS AREA
WT FLOW AT ORIFICE
WT FLOW AT ROTOR INLET
WT FLOW AT ROTOR OUTLET
WT FLOW AT STATOR OUTLET
ROTATIVE SPEED




















































































































(b) 90 Percent design speed
Parameter
ROTOR TOTAL PRESSURE RATIO
STAGE TOTAL PRESSURE RATIO -
ROTOR TOTAL TEMPERATURE RATIO
STAGE TOTAL TEMPERATURE RATIO
ROTOR TEMP. RISE EFFICIENCY
STAGE TEMP. RISE EFFICIENCY
ROTOR MOMENTUM RISE EFFICIENCY
ROTOR HEAD RISE COEFFICIENT
STAGE HEAD RISE COEFFICIENT
FLOW COEFFICIENT
WT FLOW PER UNIT FRONTAL AREA
WT FLOW PER UNIT ANNULUS AREA
WT FLOW AT ORIFICE
WT FLOW AT ROTOR INLET
HT FLOW AT ROTOR OUTLET
WT FLOW AT STATOR OUTLET
ROTATIVE SPEED




















































































































(c) 100 Percent design speed
Parameter
ROTOR TOTAL PRESSURE RATIO
STAGE TOTAL PRESSURE RATIO
ROTOR TOTAL TEMPERATURE RATIO
STAGE TOTAL TEMPERATURE RATIO
ROTOR TEMP. RISE EFFICIENCY
STAGE TEMP. RISE EFFICIENCY
ROTOR MOMENTUM RISE EFFICIENCY
ROTOR HEAD RISE COEFFICIENT
STAGE HEAD RISE COEFFICIENT
FLOW COEFFICIENT
KT FLOW PER UNIT FRONTAL AREA
WT FLOW PER UNIT ANNULUS AREA
WT FLOW AT ORIFICE
WT FLOW AT ROTOR INLET
HT FLOW AT ROTOR OUTLET
HT FLOH AT STATOR OUTLET
ROTATIVE SPEED





















































































































TABLE VI. - Concluded.
(d) 110 Percent design speed
Parameter
ROTOR TOTAL PRESSURE RATIO
STAGE TOTAL PRESSURE RATIO
ROTOR TOTAL TEMPERATURE RATIO
STAGE TOTAL TEMPERATURE RATIO
ROTOR TEMP RISE EFFICIENCY
STAGE TEMP RISE EFFICIENCY
ROTOR MOMENTUM RISE EFFICIENCY
ROTOR HEAD RISE COEFFICIENT
STAGE HEAD RISE COEFFICIENT
FLOW COEFFICIENT
WT FLOW PER UNIT FRONTAL AREA
WT FLOW PER UNIT ANNULUS AREA
WT FLOW AT ORIFICE
WT FLOW AT ROTOR INLET
WT FLOW AT ROTOR OUTLET
WT FLOW AT STATOR OUTLET
ROTATIVE SPEED



















































































































1 1 0 . 0
(e) 120 Percent design speed
Parameter
ROTOR TOTAL PRESSURE RAT IO
STAGE TOTAL PRESSURE RATIO
ROTOR TOTAL TEMPERATURE RATIO
STAGE TOTAL TEMPERATURE RATIO
ROTOR TEMP. RISE EFFICIENCY
STAGE TEMP. RISE EFFICIENCY
ROTOR MOMENTUM RISE EFFICIENCY
ROTOR HEAD RISE COEFFICIENT
STAGE HEAD RISE COEFFICIENT
FLOW COEFFICIENT
WT FLOW PER UNIT FRONTAL AREA
WT FLOW PER UNIT ANNULUS AREA
WT FLOW AT ORIFICE
WT FLOW AT ROTOR INLET
WT FLOW AT ROTOR OUTLET
WT FLOW AT STATOR OUTLET
ROTATIVE- SPEED


































































































TABLE YE. - BLADE-ELEMENT DATA AT BLADE EDGES FOR ROTOR 54
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(g) 90 Percent of design speed; reading 2974
RADII
IN OUT
ABS BETAM REL BETAM TOTAL TEMP TOTAL PRESS






































































































































































































































































































































































































9 95.00 8.6 4.4 5.4 -0.147 0.802 0.225 0.225 0.043 0.043
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8 90.00 -0.6 -5.1 10.0 0.195 0. 0.032 0.032 0 .010 0.010
9 95.00 0.2 -4.2 11.8 0.210 0. 0.130 0.130 0.038 0.038
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Figure 3. - Rotor 54.
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